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THE FUNCTION OF THE CELLULAR protein quality control (PQC) machinery is critical for ensuring organismal health, and not surprisingly numerous diseases, including cystic fibrosis, Parkinson's, Huntington's, and Alzheimer's diseases, diabetes, heart disease, alpha-1 antitrypsin deficiency, and nephrogenic diabetes insipidus, are associated with PQC (49) . Several of these diseases are also linked to defects in the biogenesis of secreted and integral membrane proteins. When secreted and integral membrane proteins fail to properly fold or assemble in the endoplasmic reticulum (ER), they are targeted for ERassociated degradation (ERAD). During ERAD, substrates are selected by cytosolic and ER lumenal molecular chaperones, retrotranslocated (or dislocated) from the ER to the cytosol by the Cdc48/p97 complex, ubiquitinated, and then degraded by the 26S proteasome. Diseases such as cystic fibrosis result when a mutated yet partially functional protein is prematurely targeted for ERAD, thereby failing to mature and reach its final cellular destination (26, 68, 162) . Other diseases, such as liver disease associated with ␣1-antitrypsin deficiency, result when a misfolded protein is poorly targeted for ERAD, which results in its aggregation in the ER and compromised cellular homeostasis (161) . Misfolded soluble proteins in the cytoplasm, and even membrane proteins with misfolded cytoplasmic domains, are similarly selected by molecular chaperones, ubiquitinated, and degraded by the proteasome (14, 164) . In select other cases these species are targeted for degradation by autophagy (28) . Overall, there are numerous routes employed to ensure that protein homeostasis, or proteostasis, is maintained to ensure cellular and organismal health (9) .
Even though most aberrant proteins are efficiently degraded, the transient accumulation of these polypeptides can trigger a cellular stress response. Two classical cellular stress response pathways are the unfolded protein response (UPR) and the heat shock response (HSR). In yeast, the UPR is induced in response to the accumulation of misfolded proteins in the ER lumen, which are sensed by the ER transmembrane kinase/ endoribonuclease, Ire1 (30, 108, 140, 163) . The activation of Ire1 leads to the splicing of an intron in the HAC1 pre-mRNA and subsequent translation of the Hac1 transcription factor (31, 109, 115, 117) . Hac1 binds to UPR elements within the promoters of specific genes and activates the transcription of ϳ380 genes, which represents ϳ6% of the genome. Among these genes are molecular chaperones, which facilitate protein refolding, components of the ERAD machinery, and factors required for ER-to-Golgi transport, which clears the ER of damaged proteins, and for lipid synthesis, which enlarges the ER (154) . Activation of the UPR also leads to a general repression of translational to lower the overall protein-folding burden of the cell (43, 52) . In mammals, the UPR is more complex in that unfolded proteins are sensed by Ire1 as well as by ATF6 and PERK, which regulate some of the same processes as Ire1 and can also activate an apoptotic response (52, 55, 56, 142, 143) .
In contrast to the UPR, the HSR is triggered by the accumulation of misfolded proteins in the cytosol (157, 164) . In yeast the transcription factors Hsf1 along with Msn2/Msn4 account for nearly all HSR-induced gene transcription (107) . Hsf1 resides primarily in the nucleus as a trimeric, DNA-bound protein that is activated by hyperphosphorylation in response to cytosolic stress (51, 100) . Most studies support a model in which Hsf1 is repressed through interactions with molecular chaperones, such as Hsp70 and Hsp90 (37, 53, 113) . When these chaperones are titrated away, either by misfolded nuclear proteins or upon the depletion of the nuclear chaperone pool, Hsf1 is activated (107) . Hsf1 activity is also regulated by posttranslational modifications, such as sumoylation and ubiquitination (59, 62) . In an analogous manner, Msn2/Msn4 are phosphorylated, which blocks translocation to the nucleus (32, 46) , but are dephosphorylated in response to stress. Dephosphorylation results in nuclear translocation, which promotes the transcription of genes containing stress response elements (32, 83, 97, 99) . In mammalian cells, if induction of the HSR fails to mitigate stress, then an apoptotic response is also initiated, as occurs when the UPR is insufficient to alleviate ER stress (10, 69, 150) . An analogous programmed cell death pathway has also been observed in yeast (39, 54, 92, 93) .
The retention of misfolded membrane proteins in the ER presents a unique challenge for the cell because the protein resides in three chemically unique compartments: the ER lumen, the cytosol, and the lipid bilayer. In principle, then, these proteins might induce the UPR, the HSR, and/or another ill-defined response. In one study, the transcriptional responses to three model misfolded proteins, an ER lumenal protein (CPY*), a cytosolic protein (VHL-L158P), and an integral membrane protein, Ste6* (103), were compared in yeast. The authors found that the misfolded cytosolic and ER lumenal proteins respectively induced cytosolic stress (HSR) and ER lumenal (UPR) reporter genes, as might be anticipated. Curiously, the misfolded membrane protein, Ste6*, induced a stress response that more closely resembled that of the misfolded cytosolic protein, but some Hac1 splicing was also evident, even though only ϳ7% of the protein resides in the ER lumen prior to its degradation via the ERAD pathway. It is unknown, however, whether other misfolded membrane proteins, especially those with more substantial lumenal domains, elicit a similarly complex response. It is also unknown whether underlying principles associated with defective membrane proteins linked to specific diseases might be obtained by profiling transcriptional responses.
To these ends, we investigated the transcriptional responses to the expression of three topologically distinct, ERAD targeted, integral membrane proteins in yeast. The substrates we chose for this analysis are associated with human diseases and even the wild-type forms of these proteins fold inefficiently in yeast and human cells (15, 16, 68, 74, 79, 94, 101, 147, 158, 162) . The substrates include the ␣ subunit of the epithelial sodium channel, ENaC, an inwardly rectifying potassium channel, Kir2.1, and the cystic fibrosis transmembrane conductance regulator, CFTR (see Fig. 1 ). By expressing the proteins in yeast, factors required for the degradation, folding, and/or trafficking of these proteins were identified by employing genetic attacks. The requirements for many of the factors required to orchestrate the biogenesis of these substrates were then recapitulated in human cells (2, 15, 16, 74, 79, 88, 166) .
The hypothesis underlying this work is that the expression of ␣ENaC, CFTR, and Kir2.1 would induce the transcription of a gene network that reflects their diverse structures, assembly pathways, and/or topology. We also surmised that some of the induced genes would be required for the folding and/or degradation of each substrate. From our analysis we conclude that a unique transcriptional response results from the expression of each membrane protein. Also, while numerous UPR target genes were induced by the expression of ␣ENaC and CFTR, a canonical UPR was absent. Instead, each of our datasets substantially overlapped with genes upregulated by a variety of environmental stressors (45) . Kir2.1 was unique in its induction of the iron regulon. As outlined in previously published studies (2, 50, 79) , we propose that the mining of the acquired datasets will provide a route to identify ill-characterized genes that impact ion channel biogenesis in human cells.
MATERIALS AND METHODS
Yeast growth conditions, RNA isolation, and transcriptional profiling methods. Yeast strains were propagated at 26°C by standard methods for media preparation and transformation (1) . The wild-type yeast strain used throughout these studies is a W303-like wild type strain [HLJ1/YDJ1 (120, 167) ] unless otherwise noted. Wild-type yeast were transformed with pRS426GPD-␣ENaC-HA (15), pSM1152 (pRS426PPGK-CFTR-3HA) (171), pRS416TEF-myc-Kir2.1-HA (79) or a vector control, pRS426GPD (110) . A total of 10 ml cultures were grown in selective medium at 26°C overnight. In the morning the cultures were diluted into 200 ml of selective medium and grown to midlog phase (OD 600 ϭ 0.5). Cells were harvested and stored at Ϫ80°C. To analyze protein expression, 1 ml of OD600 ϭ 0.5 cells was harvested, protein lysates were prepared as previously described by alkaline lysis and TCA precipitation (15, 170) , and Western blots were performed to confirm the expression of each heterologously expressed protein (␣ENaC, CFTR, Kir2.1) using the following antisera: anti-hemagglutinin-horseradish peroxidase (HA-HRP) (clone 3F10, Roche) or anti-glucose-6-phosphate dehydrogenase (G6P, Sigma) as a loading control. The G6P primary antibody was detected with a donkey horseradish peroxidase conjugated anti-rabbit IgG secondary (GE Healthcare). HRP-conjugated antibodies bound to the filter were imaged with enhanced chemiluminescence (Pierce) and visualized using a Kodak 440CF Image Station.
Total RNA from each strain was isolated using the hot phenol extraction method, essentially as described (29) . In brief, yeast pellets (ϳ200 ml of OD 600 ϭ 0.5 cells) were resuspended in 12 ml TES (10 mM Tris·HCl, pH 7.5, 10 mM EDTA, 0.5% SDS) and agitated on a Vortex mixer for 10 s. A volume of 12 ml of acid phenol (Sigma) was added, and samples were incubated at 65°C for a total of 40 min and agitated on a Vortex mixer briefly every 10 min. Samples were placed on ice for 5 min and then centrifuged at 12,000 g for 5 min at 4°C. The aqueous layer was transferred to a new tube and re-extracted with 12 ml of acid phenol, placed on ice for 5 min, and centrifuged as above. The aqueous phase was again transferred to a clean tube and was then extracted with 12 ml of chloroform. After centrifugation at 12,000 g for 5 min the aqueous phase was transferred to a clean tube and RNA was precipitated with 1.2 ml of 3 M NaOAc, pH 5.3, and 32.5 ml of 100% EtOH. The RNA was pelleted by centrifugation at 12,000 g for 5 min, and the pellet was washed twice with 25 ml of 70% EtOH and centrifuged for 5 min at 12,000 g after each wash. The final RNA pellet was air dried at room temperature and resuspended in 3 ml of TE (10 mM Tris·HC, pH 7.0, 1 mM EDTA). A total of 1 mg of the recovered RNA was further purified using a Qiagen RNeasy midi kit and treated with on-column DNase (Qiagen) as described in the product manual. The RNA concentration and OD 260/OD280 ratio were determined spectrophotometrically and 1 g of RNA was run on a 1% agarose gel to confirm that the RNA species were not degraded.
The University of Pittsburgh Genomics & Proteomics Core Laboratory synthesized the labeled cRNA, performed array hybridization, and scanned the arrays as described below. Labeled cRNA was prepared using the 3=IVT Express kit (Affymetrix) according to the manufacturer's instructions. Total RNA (100 to 500 ng) and T7-(dT) 24 primers were used to make ds-cDNA. The entire reaction was then used as input for in vitro transcription using biotinylated dNTPs.
Next, the resulting biotinylated cRNA was purified using the supplied reagents. The cRNA was quantified by reading the OD 260 of a 1:100 dilution. In addition, 1 ml of the cRNA was run on an Agilent Bioanalyzer to verify that most products represented full-length transcripts. After confirmation, an aliquot of 20 g of cRNA was incubated at 94°C in fragmentation buffer (40 mM Tris-acetate, pH 8.1, 100 mM KOAc, 30 mM MgOAc) for 35 min to fragment the cRNA into segments of 35 to 200 bases. A 1 ml aliquot of this sample was then run on an Agilent Bioanalyzer to verify that fragmentation resulted in RNA species of the desired size distribution.
The fragmented RNA (15 g) was added to a final volume of 300 ml in a hybridization cocktail: hybridization buffer, which contains 100 mM MES, 1 M NaCl, 20 mM EDTA, 0.01% Tween 20, and 100 mg/ml herring sperm DNA, 50 mg/ml acetylated BSA, 50 pM Affymetrix Control Oligo B2, and an Affymetrix Eukaryotic Hybridization Control. An appropriate volume of this sample was applied to the Yeast Genome 2.0 GeneChip Array, and the chips were incubated overnight at 45°C with rotation. Following hybridization the sample was removed and the GeneChip cassette was filled with nonstringent wash buffer. The chip was loaded onto an Affymetrix 450 Fluidics station for washing and staining. The wash and stain protocols were the double-stain protocols developed by Affymetrix for use with the Affymetrix 450 Fluidics Station. To remove unbound sample, arrays were first washed with nonstringent wash buffer (6ϫ SSPE, 0.01% Tween 20) followed by a stringent wash in 100 mM MES, 0.1 M NaCl, 0.01% Tween 20. The GeneChips were then stained for 10 min in streptavidin-phycoerythrin (SAPE) solution (1ϫ MES stain buffer, which contains 100 mM MES, 1 M NaCl, 0.05% Tween 20, 2 mg/ml acetylated BSA, 10 mg/ml SAPE). Nonstringent buffer was then used to wash off the first stain solution. Signal amplification was achieved by incubating 10 min with biotinylated anti-streptavidin (1ϫ MES stain buffer, 2 mg/ml acetylated BSA, 0.1 mg/ml goat IgG, 3 mg/ml biotinylated anti-streptavidin) followed by a second 10 min incubation with SAPE. Next, the chip was washed and filled with array holding buffer (100 mM MES, 1 M NaCl, 0.01% Tween 20) before being removed from the fluidics station and scanned using the GeneArray 3000 scanner.
Transcriptome data analysis. Analysis of the microarray data was conducted using efficiency analysis to optimize the methods of normalization and transformation and for the selection of the most reproducible test for differentially expressed genes (DEGs), and its threshold (71) . Efficiency analysis identified the J5 test (123) as the most internally consistent test (compared to fold-change, the D1 test, the t-test, and random feature selection) after z-transform for the first two comparisons and after mean normalization for the third comparison. The J5 test is especially useful for datasets with a small number of replicates and may reduce the number of false positives generated through other analytical methods (19, 123) , and this test has previously been used to analyze microarray data from diverse sources (18, 25, 42, 106, 118, 128, 131, 144) . Missing values were imputed using k-nearest neighbors. False discovery risk estimate was calculated per comparison using the method described in Dobrowolski et al. (33a) ,
where R is the number of DEGs per comparison and m is the number of genes on the array. This risk applies to the set, requires a fixed threshold (to define R), an assumption that the number of differentially expressed genes is equal in size to R (but need not be the actual set of genes found), and is the joint probability that a gene is not differentially expressed but is found to be anyway.
caGEDA was used to determine fold-ratio values [(M1 Ϫ M2)/ M2]. ␣ENaC used a z-transformation, CFTR used a z-transformation, and Kir2.1 was mean normalized, as described above. No threshold value was utilized in order to obtain values for all genes. Once the genes were obtained, a matching algorithm (Perl-script, entitled "MatchingKeepAll.pl") was used to match DEGs with their corresponding fold-ratio values. All other data manipulations were performed manually using Microsoft Excel.
The data discussed in this publication have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO) (38) and are accessible through the GEO Series accession number GSE61246 (http://www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accϭGSE61246).
Statistical comparisons between datasets. For this analysis we used the subset of genes that were identified using the statistical analysis performed in each of the previous studies. The subsets of differentially expressed genes for each condition were compared with those genes that were induced more than twofold from datasets generated in response to heat shock (shift from 21 to 37°C for 20 min), 1.5 mM reducing agent (DTT) for 60 or 180 min, or an oxidizing agent (1.5 mM diamide for 60 min) (45) . Comparisons to the environmental stress response (ESR) were made using the gene lists identified in Gasch et al. (45) . Those genes that were differentially induced in response to Ste6* expression or alkaline stress were identified as described (103, 139) . The UPR targets were identified using a multifactorial approach (154) , and via the dataset provided with this publication we identified 422 genes that meet our criteria. The overlap between datasets was determined using BioVenn [http://www.cmbi. ru.nl/cdd/biovenn; (63)], and statistical significance of the overlap and the representation factor (RF) was determined using http://nemates. org/MA/progs/overlap_stats.html. An RF of Ͼ1 indicates more overlap than expected by chance, whereas an RF of Ͻ1 indicates less overlap than expected based on chance. RF ϭ (# of overlapping genes between data sets)/(expected # of overlapping genes). Expected # of overlapping genes between datasets ϭ [(# of genes in set 1) ϫ (# of genes in set 2)]/(total # of genes on the microarray) (5,841). Probability was calculated using normal approximation (129) . Calculations are described in more detail in Chapter 6.
of Numerical Recipes in C:
The Art of Scientific Computing (129) .
Reverse transcription and qPCR. Wild-type yeast cultures transformed with the appropriate plasmid were grown to log phase in selective medium, and RNA was isolated as described above. For treatment of cultures with bathophenanthroline disulfonate (BPS, Sigma), the cultures were split and either left untreated or treated with 100 M BPS for 2 h prior to RNA isolation. Reverse transcription to generate cDNA was performed using 1 mg of RNA and the Ambion RETROscript kit (AM1710) as described in the product manual. cDNA levels were determined using SYBR-green (Thermo KO221) and an Applied Biosystems 7300 Real-Time PCR machine. Primers for each gene were validated using genomic DNA to confirm that primer efficiency was Ͼ90%. Differences in transcript level were determined using the Pfaffl methodology (124) with the gene encoding G6P (ZWF1) serving as our control.
␤-Galactosidase reporter assays for the iron regulon. Cultures of wild-type yeast were transformed with a FET3pr-LacZ reporter plasmid [pJLU62 (156) ] and either a vector control (pRSGPD426) or the expression plasmid for ␣ENaC, CFTR, or Kir2.1 (see above) and were grown at 24°C overnight in selective medium. The cultures were diluted to an OD600 of 0.4, 400 M of BPS was added to the treatment group, and the cultures were incubated on a roller drum for 2 h at 24°C. A 1 ml aliquot of each culture was harvested, centrifuged at 12,000 g for 1 min, washed once with sterile water, and resuspended in 1 ml Z-buffer (0.06 M Na2HPO4/0.04 M Na2H2PO4, pH 7.0, 0.01 M KCl, 1 mM MgSO4, and 0.05 M ␤-mercaptoethanol). The OD600 of this suspension was then taken, 100 l of chloroform and 50 l 0.1% SDS were added, and the mixture was incubated at room temperature for 20 min with occasional agitation on a Vortex mixer. Next, a 200 l aliquot of each sample was pipetted into a 96-well plate and 35 l of 4 mg/ml ortho-nitrophenyl-␤-galactoside was added. The OD420 and OD550 were then measured in a 96-well plate reader (Thermo Scientific, Multiskan GO) over time to determine optimal incubation time. Relative activity in Miller units was calculated as previously described (104) at the 30 min time point.
Protein stability assays. A wild-type yeast strain harboring a green fluorescent protein (GFP)-tagged copy of Fet3 [DY150, FET3-GFP (40)], which was generously provided by the Kaplan lab (University of Utah), was transformed with either a vector control (pRS426GPD), pRSTEF416-myc-Kir2.1-HA, or pRS426GPD-␣ENaC-HA. Overnight cultures were grown in selective medium to an OD 600 of 0.5-1.0. The cultures were then diluted to an OD600 of 0.5. Cycloheximide was added to a final concentration of 50 mg/ml and cultures were incubated at 30°C. A 1 ml aliquot of each culture was harvested at 0, 30, 60 and 90 min, and cell lysates were generated and samples processed and analyzed by SDS-PAGE and Western blotting as previously described (15) . Anti-GFP antibody (Roche) was used to detect FET3-GFP, anti-HA-HRP (clone 3F10, Roche Applied Science) was used to detect ␣ENaC and Kir2.1, and anti-G6P (Sigma) was used as a loading control.
Fluorescence microscopy. The FET3-GFP yeast strain was transformed with the pRS426GPD, pRS426GPD-␣ENaC-HA, or pRS416TEF-myc-Kir2.1-HA expression vectors, as described above, or the pRS416TEF-Kir2.1AAA-HA expression vector [which encodes an inactive potassium channel, (152) ], and overnight cultures were grown in selective medium. For BPS treatment cultures were incubated with 200 mM BPS for 2 h prior to imaging. Fluorescence microscopy was performed on an Olympus FV1000 microscope and Olympus FV10-ASW version 3.01 software. Identical imaging parameters were used within each experiment. The intensity of plasma membrane fluorescence was measured and images were formatted with ImageJ (v1.44o) software. Data represent the mean values of Ͼ80 individual cells for each condition that were normalized to the average fluorescence of control cells Ϯ SE. Significance was determined by a one-way ANOVA test with Tukey's post hoc comparison (70) .
Generation of structural models. Structural models of CFTR, Kir2.1, and ␣ENaC were generated by uploading each amino acid sequence to the Phyre2 server (http://www.sbg.bio.ic.ac.uk/phyre2/ html/page.cgi?idϭindex), which generated a homology based model for each heterologously expressed protein (76) . Pymol was used to format and resize the models (136) . Regions that were not included in the models are noted in the figure legends.
RESULTS AND DISCUSSION

Identification of substrates used for transcriptional profiling.
To define the transcriptional response to the expression of misfolded membrane proteins, we chose three substrates, ␣ENaC, CFTR, and Kir2.1, that can be expressed in yeast, undergo ERAD, and exhibit unique topologies ( Fig. 1 , and see below). Several requirements for the degradation of the proteins were first established in the yeast model and were then confirmed in higher cell types (2, 3, 15, 16, 47, 74, 79, 167, 168, 170) . In addition, even the wild-type versions of each of these proteins, as used in this study, fold inefficiently in the ER in both yeast and mammals. Fig. 1 . Structural models of ␣ENaC, Kir2.1, and CFTR. To generate the structural models, the amino acid sequence of each protein was modeled onto the structures of homologs using the Phyre2 server (76) . Protein domains absent from the template structure are not modeled. Specifically, 1,185 amino acids of CFTR (80% of sequence) were modeled onto the multidrug resistance protein, pgp-1 (PDB:4F4C) with 100% confidence. Absent regions include amino acids 1-26, 687-845, 896 -911, and 1173-1193. The model for ␣ENaC contains 409 amino acids (60% coverage) modeled onto the ASIC1 crystal structure (PDB: 2QTS) with 100% confidence. Absent regions encompass amino acids 1-106, 601-699, and 199 -272 and includes both cytosolic tails. The Kir2.1 model contains 318 amino acids (74% of the sequence) modeled onto the inward rectifying potassium channel Kir2.2 (PDB:3JYC) with 100% confidence. Regions absent correspond to amino acids 1-44 and 372-427.
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ENaC is a heterotrimeric sodium channel composed of three homologous subunits, ␣, ␤, and ␥, and is responsible for sodium absorption in the kidney and other epithelia, thus playing a critical role in salt and electrolyte balance. Each ENaC subunit (ϳ75-80 kDa) is composed of two transmembrane helices, a large extracellular domain (ϳ65% of the protein), and a short NH 2 -and COOH-terminal tail (ϳ25-30% of the protein's mass) (17, 133, 145) . The ␣-, ␤-, and ␥-ENaC subunits assemble in the ER and subsequently traffic to the plasma membrane. ENaC expression can be regulated by transcription, and in at least some epithelial cells the ␤-and ␥-subunits are expressed at high levels, but in the absence of the ␣-subunit they are subject to ERAD (146, 147, 158) until the ␣-subunit is expressed in response to aldosterone (6, 98) . Similarly, when the ␣-subunit is expressed in the absence of the ␤-and ␥-subunits, this results in ERAD (158) . These data can be explained by the fact that there are extensive contacts between the extracellular domains of the ␣-, ␤-, and ␥-subunits (67, 75, 149) . Loss-of-function mutations in ␣ENaC result in renal salt-wasting, hypotension, and hyperkalemia (48) . We showed that the cytosolic small heat shock proteins (sHsps), ER lumenal Hsp40s (Scj1 and Jem1), and an ER lumenal Hsp70-like protein, Lhs1, facilitate ␣ENaC degradation (15, 16, 74) . Importantly, the roles of each of these factors are conserved in higher cells (15, 16, 74) .
Unlike ␣ENaC, CFTR is a chloride transporter and contains 12 transmembrane helices, two nucleotide-binding domains, and a regulatory domain. It has a molecular mass of 165-180 kDa, depending on the glycosylation status. The majority of CFTR is located in the cytosol (ϳ77% of the mass), whereas only 4% of the protein is extracellular/ER lumenal and 19% lies within the lipid bilayer (22, 23, 134) . CFTR folds slowly, and up to 80% of wild-type CFTR can be targeted for ERAD (68, 101, 162) . The most common disease-causing mutation is the deletion of a phenylalanine at position 508 (⌬F508). ⌬F508-CFTR is ER retained and quantitatively destroyed by ERAD (34, 90, 141, 171) . The targeting of CFTR for ERAD in yeast requires cytosolic chaperones including Hsp70 (Ssa1p), Hsp40s (Ydj1 and Hlj1), as well as the sHsps, each of which is also vital for maximal degradation in mammalian cells (2, 3, 47, 167, 168, 170) . Other experiments using our yeast model system provided evidence that an FK-506 binding protein and the Hsp90 chaperone network act in opposition to the ERAD machinery and promote CFTR folding and stabilization (64, 167) .
The third substrate we chose is Kir2.1, an inwardly rectifying potassium channel that forms a homotetramer. Each Kir2.1 subunit is ϳ49 kDa and contains two transmembrane domains, a short NH 2 -terminal tail, and a much longer COOH-terminal cytosolic tail. An extracellular/ER lumenal loop dips back into the membrane to form the potassium-conducting pore. Like CFTR, the majority (ϳ75%) of the Kir2.1 mass lies within the cytoplasm (116, 137) . Loss-of-function mutations in Kir2.1 that block Golgi export are linked to Andersen-Tawil syndrome (91) and can result in periodic paralysis, ventricular arrhythmias, and skeletomuscular dysplasia (127) . Through the development of a yeast expression system for Kir2.1, we found that a significant population of the channel is targeted for degradation in the vacuole/lysosome, as observed in mammalian cells (66, 79, 112) . However, another population of Kir2.1 is targeted for ERAD through the action of the cytosolic Hsp70, Ssa1 (79) .
␣ENaC, CFTR, and Kir2.1 induce unique cellular stress responses in yeast. To transcriptionally profile the cellular responses to these three proteins, we grew yeast cells expressing ␣ENaC, CFTR, or Kir2.1 along with yeast harboring a vector control alone under identical conditions to log phase and isolated RNA as described in MATERIALS AND METHODS. At least three isolates of each strain were examined, a Western blot was performed to confirm protein expression, and we found that ␣ENaC and CFTR were expressed at similar levels although Kir2.1 expression was slightly lower (data not shown). Nevertheless, each protein is rapidly targeted for ERAD in yeast (2, 15, 16, 64, 74, 79, 167, 170) . The doubling times for each strain were determined over a 16 h time-course (n ϭ 4) and are as follows: vector containing ϭ 2.3 h Ϯ 0.26, ␣ENaC expressing ϭ 3.3 h Ϯ 0.10, CFTR expressing ϭ 2.6 h Ϯ 0.25, and Kir2.1 expressing ϭ 2.2 h Ϯ 0.011.
An overview of the microarray analysis of yeast expressing ␣ENaC, Kir2.1, and CFTR is presented as both a heat map (Fig. 2 ) and a Venn diagram in Fig. 3A . The gene order, category as well as the intensity value, based on J5 score, is included as Supplemental File S1. 1 As demonstrated in the heat map the overall transcriptional responses of each of these proteins compared with a vector control are dramatically different. However, there is clearly more overlap between the genes induced when ␣ENaC and CFTR were expressed than between either ␣ENaC or CFTR and the Kir2.1 dataset. This overlap is surprising because ␣ENaC and Kir2.1 are perhaps more topologically similar than ␣ENaC and CFTR. We determined that 243 genes (139 induced, 104 repressed; FDRisk ϭ 0.0221) were differentially expressed in the ␣ENaC dataset, 375 genes were differentially expressed in the CFTR dataset (248 induced and 127 repressed; FDRisk ϭ 0.0337), and 180 genes were differentially expressed in the Kir2.1 dataset (83 induced and 97 repressed; FDRisk ϭ 0.0165). A complete list of the differentially expressed genes can be found in Supplemental File S2 (J5 score and fold change for comparison).
In Fig. 3B , we show the specific genes that were upregulated in at least two datasets. In this report, we have placed the greatest emphasis on genes that were induced rather than those that were repressed for two reasons. First, the expression of genes that are induced by ER stress (i.e., the UPR) or cytoplasmic stress (the HSR) provides a diagnostic for compensatory responses that augment protein turnover. For example, ERAD is enhanced by the UPR (20, 114, 154) , and the activity of the cytoplasmic protein folding machinery is enhanced by the HSR (reviewed in Ref. 157 ). Second, genes that are downregulated may reflect repression of the transcription machinery or enhanced mRNA turnover. In mammalian cells, enhanced mRNA turnover results from the regulated Ire1-dependent decay pathway that has been described in both Drosophila and mammalian cell systems (60, 61) . And third, our prior work indicates that enhanced genes can act as ERAD facilitators (2, 79) , and an increasing number of physiologically relevant substrates appear to utilize such facilitators to regulate cellular homeostasis (12) .
On the basis of the data presented in Fig. 3B , and the analysis of a file containing the complete dataset (Supplemental File S2), we have determined that the majority of genes that are present in both the ␣ENaC and CFTR-induced gene datasets are involved in protein folding (underlined in Fig. 3B and illustrated in Fig. 2 ). Both ER lumenal (KAR2, ERO1) and cytosolic (AHA1, FES1, HSP104, HSP42, HSP82, SIS1, SSA1 , SSE2, STI1, YDJ1) chaperones and cochaperones are induced when ␣ENaC or CFTR are expressed. This result was somewhat surprising as the majority of ␣ENaC resides in the ER lumen, whereas the majority of CFTR resides in the cytosol (Fig. 1) . We had hypothesized that ␣ENaC would induce ER lumenal chaperones, whereas CFTR would induce the cytosolic chaperone network. One explanation for this result is that CFTR is titrating out a factor that is required for ERAD, which leads to inhibition of the ERAD pathway and to a build-up of misfolded lumenal proteins. This phenomenon was observed when the cytoplasmic, aggregation-prone huntingtin protein was expressed in both yeast and neuronal cells (36) . In addition, it is worth noting that genes encoding factors known to directly affect the early biogenesis or degradation of CFTR were evident in the dataset of upregulated genes, including SSA1, YDJ1, HSP82, HSP26, and HSP42 (2, 167, 170) . Finally, data indicate that high-level expression of ⌬F508-CFTR can induce the UPR in mammalian cells (11) .
Interestingly, only one gene, TMA10, was found in all three induced gene datasets. TMA10 encodes a protein of unknown function that is associated with the translation machinery (41) and is upregulated by the DNA damage response (153), potentially reflecting the presence of the heterologous expression vectors used in this study. Nevertheless, there was a statistically significant overlap between each of the pairwise datasets for the induced genes: The RF is the number of genes that overlap between the datasets divided by the number of genes predicted to overlap by chance based on the number of genes in the yeast genome (Fig. 3B) . From this analysis, a comparison of the induced genes in the ␣ENaC and CFTR datasets has an RF ϭ 7.7, so that there are 7.7 times more genes that overlap between these sets than predicted by chance. The overlap between CFTR and Kir2.1, while still significant (P Ͻ 0.0006), is only 3.2 times more than expected by chance (RF ϭ 3.2), and a similarly significant overlap between the ␣ENaC and Kir2.1 dataset was observed (RF ϭ 3.6, P Ͻ 0.003). As discussed below, the lower level of significance for the CFTR/ Kir2.1 and ␣ENaC/Kir2.1 datasets compared with the CFTR/ ␣ENaC results reflects the unique profile exhibited upon Kir2.1 expression.
A second analysis of the differentially expressed, induced genes was completed using the Gene Ontology (GO) Term Finder tool in the Saccharomyces Genome Database (http:// www.yeastgenome.org/) (27) . A select list of the enriched terms and representative genes is summarized in Table 1 . Genes associated with metabolism and transcription as well as those that are fungal-specific have been omitted to narrow our discussion; however, all genes are included in the heat map in Fig. 2 . In addition, those GO terms in which the set of enriched genes exhibited significant overlap (e.g., "iron ion homeostasis" and "cellular iron ion homeostasis") were merged. As suggested by the data in Fig. 3B Fig. 2 . Heat map illustrating changes in genomic expression upon the expression of ␣ENaC, Kir2.1, or CFTR. Differentially expressed genes for yeast expressing ␣ENaC, CFTR, or Kir2.1 were sorted based on Gene Ontology (GO) terms into broad categories that are labeled on the left. GO term priority was assigned based on the category ranking on the left (i.e., genes associated with GO term "protein folding" were included in the top category and excluded from other categories with lower priority). Intensity values were assigned based on J5 score and centered at an intensity of 0. GO terms contained in each of the categories are: protein folding (de novo protein folding, protein folding, protein refolding), pH regulation (regulation of pH, pH reduction, intracellular pH reduction, vacuolar acidification, regulation of cellular pH, regulation of intracellular pH), iron (iron assimilation, iron coordination entity transport, iron assimilation by chelation, siderophore transport), other ion transport (cation transport, ion transmembrane transport, proton transport, hydrogen ion transmembrane transport, ion homeostasis, cation homeostasis, cellular ion homeostasis, monovalent inorganic cation transport, cellular cation homeostasis), transmembrane transport (transmembrane transport), protein metabolism (protein metabolism), amino acid biogenesis (cellular amino acid metabolic process), establishment of localization (establishment of localization), glycolysis/e Ϫ transport (glycolytic process, electron transport chain, respiratory electron transport, oxidative phosphorylation), oxidation/reduction (oxidationreduction process), ribosome biogenesis (ribosome biogenesis, ribosome assembly, ribosomal small subunit biogenesis, ribosomal small subunit assembly, maturation of SSU-rRNA from rRNA transcript), cell wall (cell wall macromolecule cell process), other biosynthetic (cellular biosynthetic process, ribonucleotide biosynthetic process). of these genes were also induced in the Kir2.1 dataset, and the only "protein folding" gene that was induced by Kir2.1 is a sHsp, Hsp26. In fact, the sHsps Hsp26 and Hsp42 are the only molecular chaperones represented in all three data sets. Hsp26 expression was also induced in the CFTR dataset, and the Hsp42 message rose in both the ␣ENaC and CFTR datasets. Previous work determined that the sHsps facilitate the ERAD of ␣ENaC and CFTR (2, 74 Enriched gene ontology (GO) terms obtained after transcriptionally profiling ␣ENaC, CFTR, and Kir2.1 expressing yeast. The subset of induced genes under each condition was analyzed for significant enrichment of GO terms by biological process (P Ͻ 0.05) as described in MATERIALS AND METHODS. The list of GO terms was edited to eliminate those arising from potential secondary effects, as described in the text. A complete list of GO terms can be found in Supplemental File S3. both sHsps (⌬hsp26⌬hsp42). However, unlike ␣ENaC and CFTR, deletion of the sHsps had no effect on Kir2.1 stability (data not shown). Either another protein "holdase," such as Hsp104, acts in conjunction with the sHsps, as suggested by other studies (21, 105) or the increased level of HSP26 reflects its control by Hsf1 (4, 155) . If so, it is surprising that other Hsf1 targets were not induced by Kir2.1 expression. Future studies will identify genes that may act in conjunction with the sHsps during Kir2.1 biogenesis.
Quantitative PCRs validate the upregulation of select genes. To confirm that select genes were differentially expressed, we performed quantitative PCR (qPCR). For this analysis, we assessed a single gene that was specifically induced by each substrate. Consistent with our microarray analysis (Supplemental File S2), and as shown in Fig. 4A, FIT2 [facilitator of iron transport; (130)] expression was significantly higher when Kir2.1 was expressed than in cells containing a vector control or when ␣ENaC or CFTR was expressed. The qPCR analysis also verified that the levels of the UBA1 transcript, which encodes the yeast ubiquitin activating enzyme, rose dramatically upon CFTR expression but was lower or unaffected in the other cells (Fig. 4B) . Further confirmation for our dataset was obtained by our previous demonstration that the HSP26, HSP82, and FES1 transcripts were upregulated in yeast expressing CFTR (2), as observed in our microarray dataset (Supplemental File S2). Finally, we examined the levels of the ULI1 message in yeast containing a vector control or the ␣ENaC, CFTR, or Kir2.1 expression vectors. The function of the Uli1 protein is unknown, but its message has been used as a marker for ER stress (103, 154) . As anticipated from our microarray dataset, ULI1 message levels significantly increased when ␣ENaC was expressed, but the levels were unchanged in response to Kir2.1 expression (Fig. 4C) . However, we also found that ULI1 mRNA levels were also somewhat higher in CFTR expressing yeast, albeit not to the extent resulting from ␣ENaC expression. Although these data suggest that the microarray analyses might have missed transcripts that were only marginally above our cut-off, we were able to confirm the increased expression of select candidates.
Ion channel expression triggers the ESR. Gasch et al. (45) defined a set of ϳ900 genes that respond similarly to a range of environmental stresses, including high and low temperature, oxidative stress (i.e., hydrogen peroxide, menadione, and diamide), reductant (DTT), hyper-and hypo-osmotic stress, nitrogen depletion, and progression into stationary phase. Among this set, 283 genes were induced and ϳ600 genes were repressed. The authors termed this set the ESR (45) . Based on the fact that misfolded proteins en route to the proteasome may lead to a stress response, we hypothesized that our dataset and genes induced by the ESR may overlap. As hypothesized, there was a reasonable degree of overlap ( Table 2 , RF values of 2.4 -4.3). A number of the overlapping genes are heat shock proteins or are induced by heat shock (HSP104, HSP12,  HSP42, HSP26, HSP78, SSA4, SSE2) . However, it is worth noting that the CFTR and ␣ENaC datasets match up with only 10% of the ESR genes and Kir2.1 dataset contains only 3.5% of the ESR genes (Supplemental File S4).
We next compared our datasets to those generated under individual ESR stress conditions: oxidative stress (diamide), DTT treatment (at 60 and 120 min), and heat shock. We found that there was more significant similarity between all but one of these datasets and each of our datasets, with calculated RF values between 3.5 and 12.4 ( Table 2 ). The exception was the absence of overlap between the Kir2.1 expression and 60 min DTT treatment datasets. In every case the ␣ENaC dataset overlapped more strongly than that for either CFTR or Kir2.1, with the strongest overlap (RF ϭ 12.4) for ␣ENaC and DTT treatment. DTT triggers the dissolution of disulfide bonds in the ER and is a potent inducer of the UPR (154) . Thus, ER stress triggered by Kir2.1 may be more subtle relative to that induced by ␣ENaC and CFTR. We emphasize again that an ER stress response upon CFTR expression was surprising, given that only a minor fraction of the protein resides in the ER, but as described above this effect may be due to the titration of an ERAD or other PQC-requiring factor.
To further examine whether the expression of the three ion channels induced a UPR-like response, we compared our datasets to those identified in a prior study (154) in which mRNA levels were measured after treatment with either DTT or tunicamycin (Table 2) , which compromises the addition of fully assemble glycans on secreted proteins (80, 138, 151) . Perhaps because this dataset was more rigorously culled com- pared with the DTT/ESR-induced genes, the overlap in this case was not statistically significant. However, two of the substrates examined in our work augmented the expression of a number of established UPR targets: ␣ENaC (COS4, ULI1,  ACB1, ERV29, ERO1, COS3, ADD37, YIL108W, YGL117W,  KAR2, HIS4, SEC26, ERG7, INO1), and CFTR (COS8, COS4,  HEM13, ADE5, HXK2, ACB1, ERV29, PM140, PDI1, ADH5,  AAT2, HIS4, FRD1, HEM13, HMG2, ERO1, COS3, DPM1,  KAR2) . Consistent with these data, we showed that yeast expressing ␣ENaC exhibit a UPR, as assessed with a UPR reporter (15) . And, consistent with the ESR analysis, above, only one UPR target (THI20) was induced by Kir2.1. In fact, there was a significant underrepresentation of UPR targets within the genes found in the Kir2.1 dataset (P ϭ 0.02, RF ϭ 0.2). As described below, the downregulation of UPR target genes may reflect the fact that Kir2.1 induces another stress response in yeast, one that might negatively regulate the UPR. We also noted that the datasets obtained with ␣ENaC, CFTR, and Kir2.1 overlapped significantly with the subset of genes induced by oxidative stress (45) , with RF values between 4.5 and 11.5 (Table 2 and Supplemental File S4) as well as with the heat shock-inducible genes (RF ϭ 4 -7.3). In fact, when we compared ␣ENaC and the heat shock and oxidative stress responses, the RF values (7.3 and 11.5, respectively) were higher than those for CFTR (4 and 4.5, respectively) or Kir2.1 (4 and 6.7, respectively). Notably, 26 genes from the heat shock-responsive genes are found in both the ␣ENaC and CFTR datasets. Therefore, contrary to our predictions, induction of the HSR did not correlate with the relative amount of the protein found in a distinct compartment. This could, again, reflect the titration of a general PQC factor, or it could reflect the fact that the ␣ENaC termini, which are deposited in the cytoplasm, are sufficiently unfolded in the absence of the ␤-and ␥-subunits that the HSR is activated. As discussed above, structural predictions of the ENaC channel posit the existence of multiple contacts between the extracellular domains (67, 75, 149) , which would be absent when only one subunit is expressed. Collectively, our analysis reveals that misfolded membrane proteins induce a stress response that is most similar to the ESR, and the expression of ␣ENaC results in a stronger ESR (and specifically an HSR) than either CFTR or Kir2.1.
The translation machinery is differentially regulated by ␣ENaC, CFTR and Kir2.1. Differential effects were observed among genes associated with the GO terms "translation/ribosome biogenesis" upon expression of ␣ENaC, CFTR, and Kir2.1 (Supplemental File S3). Even though we have not focused on repressed genes, it is notable that ␣ENaC repressed 104 genes, and many of these genes were associated with translation (58) and/or ribosome biogenesis (29) (see Supplemental File S3). Kir2.1 synthesis similarly repressed a significant number of genes associated with translation (35), whereas CFTR did not. Repression of ribosome biogenesis/translation-associated genes could be associated with the slower-growing phenotype of ␣ENaC-expressing yeast (doubling time ϭ 3.3 h vs. 2.3 h for vector expressing); however, these genes were also repressed in Kir2.1-expressing yeast, which actually grow faster than control yeast (doubling time ϭ 2.2 h). In contrast, expression of CFTR led to the induction of 22 genes that are repressed when ␣ENaC is expressed, 18 of which are associated with translation and ribosome biogenesis (RPS18A, RPS25A, RPL25, RPS13 , RPL32, RPS12, RPS15, RPS27B, RPP2B, RPP1B, RPS14A, RPS16B, RPL35A, RPL2B, RPL1A, RPL15A). In the case of ␣ENaC and Kir2.1, we envision that reducing translation may lower the overall proteinfolding burden on the cell, as observed in mammalian cells in response to the UPR (43, 52, 126) . Although it is mysterious why this process is induced upon CFTR expression the data might fit with a model where CFTR titrates essential PQC factors (see above), which in turn leads to a rise in translation efficiency as a compensatory response.
Kir2.1 expression activates the iron regulon. As highlighted in Table 1 , GO terms associated with Kir2.1 expression differ significantly from those associated with ␣ENaC and CFTR expression. Specifically, the expression of numerous genes involved in iron transport and storage (SIT1, FTR1, ARN1,  ARN2, TIS11, FIT2, FIT3, ISU1, FET3, FET4 ) are induced. The yeast iron regulon is transcribed when iron is depleted, as well as by treatment with zinc, hydroxyurea, and cisplatin and during the alkaline response (35, 73, 78, 82, 119) . Iron regulon transcription is primarily controlled by the AFT1 transcription factor (125) , and activated genes include the high-affinity iron transport complex (FET3 and FTR1) , a low-affinity iron transporter (FET4), three siderophore iron-chelate transporters (SIT1, ARN1, ARN2), an mRNA binding protein (TIS11), two cell wall-associated proteins that retain siderophore iron (FIT2,  FIT3) , and a scaffold protein that helps assemble iron-sulfur clusters in the mitochondria (ISU1) (Fig. 5A) (7, 33, 44, 57, 58, 130, 132, 148, 169) . Unlike ␣ENaC and CFTR, a population of Kir2.1 traffics to the plasma membrane in yeast, where it forms a functional potassium channel (79) . Therefore, we hypothesized that Kir2.1 expression interferes with iron transport, perhaps by increasing the concentration of potassium in cells.
To test this hypothesis, we first asked if a mutant form of Kir2.1, Kir2.1 AAA, in which the potassium selectivity filter has been mutated from GYG to AAA to block potassium transport Isu1 assists in the assembly of iron sulfur clusters in the mitochondria, and Tis11 is an mRNA binding protein that represses a subset of genes when iron is limiting (7, 33, 44, 57, 58, 130, 132, 148, 169) . B: qPCR was performed with RNA extracted from wild-type yeast expressing either an hemagglutinin (HA) epitope-tagged version of Kir2.1 or Kir2.1 AAA or a vector control or vector-containing yeast treated with 200 M bathophenanthroline disulfonate (BPS). Data represent the means of 3-6 experiments Ϯ SE. *P Ͻ 0.03, **P Ͻ 0.001 C: a ␤-galactosidase reporter assay using a FET3 promoter driven LacZ construct was performed using cells containing a vector control, or in the presence of 400 M BPS, or expressing Kir2.1 or Kir2.1 AAA. Data reported were gathered 30 min after substrate addition and represent the means from a representative experiment (n ϭ 4) Ϯ SE, *P Ͻ 0.05. To confirm protein expression, cells were harvested prior to the experiment, lysates were prepared, and the samples were then subject to SDS-PAGE and Western blotting. Blots were probed with anti-HA to detect Kir2.1 and Kir2.1 AAA or anti-glucose-6-phosphate-dehyrogenase (G6P) as a loading control. (79, 152) , would still lead to iron regulon induction. We first performed a qPCR analysis to measure FIT2 mRNA levels (Fig.  5B) . As a positive control, FIT2 expression was analyzed in the presence of the iron chelator, BPS. As expected, BPS treatment lead to a dramatic increase in the level of FIT2 mRNA (Fig. 5B) . Expression of either Kir2.1 or the Kir2.1 AAA similarly increased the FIT2 message, to a lesser extent than BPS. Nevertheless, it appears that potassium conduction is dispensable for induction of the iron regulon genes by Kir2.1.
To confirm these data, we transformed yeast with a plasmid that contains the LacZ gene driven by the FET3 promoter (156), which is a known target of the iron regulon and was significantly upregulated upon Kir2.1 expression (Table 1 and Supplemental  File S2) . BPS treatment again served as a positive control and significantly induced the activity of the FET3 promoter; Western blot confirmed that Kir2.1 and Kir2.1 AAA were expressed to similar levels (Fig. 5C) . As above, the expression of either Kir2.1 or Kir2.1 AAA led to a similar increase in FET3 promoter activity.
Kir2.1 expression increases plasma membrane levels of Fet3. Given that the potassium-conducting properties of Kir2.1 appeared to be dispensable for iron regulon induction, we next asked whether Kir2.1 expression interfered with the assembly and/or stability of one or more of the proteins that are required for cellular iron homeostasis. We first asked whether Kir2.1 expression affected the stability of the high-affinity iron transporter complex, which is composed of Fet3 and Ftr1. To begin to address this question we assessed the levels and stability of Fet3-GFP in either the presence or absence of Kir2.1. As a negative control Fet3 stability was monitored in the presence of ␣ENaC expression or when cells contained a vector control. As shown in Fig. 6A , Kir2.1 expression increased the steady-state pool of Fet3-GFP compared with the vector control or ␣ENaC-expressing yeast. However, analysis of cycloheximide chase data revealed that the expression of neither Kir2.1 nor ␣ENaC significantly affected the rate of Fet3 degradation (Fig. 6B) . Because the failure of Fet3 to reach the plasma membrane will induce the iron regulon (84), we next tested whether Kir2.1 expression prevented the delivery of Fet3 to the plasma membrane. Fet3 localization was monitored using a yeast strain harboring a GFP-tagged version of Fet3 (40) and was transformed with either a vector lacking an insert or with one encoding Kir2.1, Kir2.1 AAA, or ␣ENaC. As a positive control, yeast were treated with BPS, which resulted in a robust increase in the intensity of Fet3 at the plasma membrane (Fig. 6C) .
A number of BPS-treated cells also exhibited ER staining, which was observed by other groups (40) and is likely due to the fact that overexpression of plasma membrane proteins can overwhelm the ER exit machinery (13) . The observation that both Kir2.1 and Kir2.1 AAA expression significantly increased the intensity of Fet3-GFP signal at the plasma membrane was unexpected, an effect that was absent with cells contained a vector control or expressed ␣ENaC (Fig. 6C ). These data indicate that Kir2.1 expression actually augments trafficking of Fet3 to the plasma membrane. Future experiments to determine whether the newly trafficked Fet3 forms a functional iron transporter will be informative, because the possibility remains that Kir2.1 is interfering with the proper assembly of Fet3 and its partner Ftr1. Increased levels of nonfunctional Fet3 at the plasma membrane could lead to the induction of iron responsive genes. Previous work indicated that the iron regulon can still be induced in the presence of physiological iron concentrations if the formation of iron-sulfur clusters is instead disabled. Moreover, the iron regulon is permanently activated when ironsulfur cluster assembly is compromised (24, 135) . Thus, we were intrigued by the fact that the transcription of eight genes, among them Ssc1, are repressed only in response to Kir2.1 expression (Supplemental Files S2 and S3). Ssc1, a mitochondrial Hsp70, facilitates the transport of Yfh1 into the mitochondria (160), and Yfh1 is required for the assembly of iron-sulfur clusters (8) . Together, these data suggest that the expression of Kir2.1 may compromise the formation of iron-sulfur clusters, which in turn leads to the observed response. Future experiments to determine whether overexpression of Ssc1 and/or Yfh1 block Kir2.1 induction of the iron regulon should be considered.
Another possible explanation for the induction of the iron regulon is that yeast vacuole function is compromised by Kir2.1 expression. The vacuole is the major site of iron storage in yeast (85) . When we compared the list of genes induced by Kir2.1 to those induced by alkaline stress (Table 2) , which neutralizes the pH in the vacuole, we found significant overlap between the two datasets (RF ϭ 7.9). It will be important to define at the molecular level whether specific aspects of vacuole function (e.g., nutrient accumulation, autophagy, hydrolase activity, protein trafficking) are impaired by Kir2.1 expression.
Misfolded membrane proteins induce a novel stress response. In a previous study, PQC substrates residing in the cytosol (VHL-L158P), the ER lumen (CPY*), and the ER membrane (Ste6*) were expressed in yeast, and the induction of specific reporter genes was monitored (103) . The ULI1 and KAR2 transcripts served as reporters of ER lumenal stress (UPR) and were induced in response to CPY* expression, even though this ERAD substrate is rapidly degraded. As anticipated, the SSA4 and STI1 messages reported on cytosolic stress and were induced in response to VHL-L158P expression. Ste6* had no effect on UPR targeted genes but increased the levels of the cytosolic stress transcripts, although to lower levels than VHL-L158P. Similarly, we found that ␣ENaC expression induced the UPR marker genes, ULI1 and KAR2, as well as the cytosolic stress marker gene, STI1 ( Fig. 1 and Supplemental File S2). This result is consistent with the data discussed above. Also in accordance with the data outlined above, Kir2.1 expression failed to induce the UPR or cytosolic stress reporters. In turn, Ste6* is a truncated version of an ABC transporter, like CFTR, and is a well-characterized ERAD substrate (65, 86, 159) . Therefore, we reasoned that CFTR would induce a related subset of genes as Ste6*. As hypothesized, CFTR expression induced cytosolic stress reporter transcripts, SSA1 and STI1, as well as the ER stress marker gene, KAR2 (Table 1 and File S2) .
Metzger and Michaelis (103) also performed a microarray analysis of yeast expressing Ste6*. Surprisingly, there was overlap (RF ϭ 2.4 -3.5) between each of our datasets and the messages induced by Ste6* (see Table 2 and File S4), even though Kir2.1 expression failed to induce the reporter genes itemized above. Among the Ste6*-induced genes were 23 that are regulated by the RPN4 transcription factor, which activates the expression of genes encoding proteasomal subunits (87, 96, 103, 165) . Of these 23 genes, ␣ENaC induced two (UBI4, RPN1) and CFTR induced one (SGT2). Interestingly, among the overlapping genes that we identified (19 in total), eight were found in at least two of our datasets (underlined in Table 3 ). We propose that this select group represents a set of misfolded membrane protein stress-responders and includes: 1) PRE2, which encodes the chymotrypsin-like subunit of the proteasome; 2) HSP30, which encodes a membrane-associated heat shock protein that regulates the yeast plasma membrane H ϩ -ATPase (102, 121); 3) BTN2, which encodes a v-SNARE Table 3 . Misfolded membrane proteins induce a discrete set of genes required for endosome-to-Golgi trafficking (72) and interacts with the Sis1 (Hsp40) and Hsp42 (sHsp) molecular chaperones (95); and 4) HCH1, which encodes an Hsp90 partner, activates the chaperone's ATPase activity, and regulates cellular sensitivity to Hsp90 inhibitor (5, 89, 122) . Like Hsp90, Hch1 is also heat shock responsive, and Hsp90 stabilizes both CFTR and Ste6* in yeast and human cells (88, 111, 167) . Two genes, YJL133C-A and YNRO34W-A, which encode uncharacterized proteins, were also induced. The YNR034W-A gene is regulated by Msn2/4 (81) and the gene product interacts with ubiquitin, which is also upregulated in both the Ste6* and ␣ENaC datasets (Table 3) . Future studies will examine the functions of these proteins in PQC.
Conclusions
We have characterized the transcriptional responses to three exogenously expressed ion channels in the yeast S. cerevisiae, a model organism that lacks the channels and in which the PQC and stress-responsive pathways are largely conserved. Because all three channels are known targets of the quality control machinery, we predicted that their expression would induce genes associated with PQC and folding. While ␣ENaC and CFTR induced the expression of a significant number of genes linked to these processes, Kir2.1 did not. Instead, Kir2.1 triggered the transcription of genes associated with the iron regulon. We also hypothesized that the heterologous expression of ␣ENaC, CFTR, and Kir2.1 would induce a wellcharacterized stress response, such as the UPR or HSR. However, a transcriptional response was evident that most closely resembled the ESR, which is triggered in response to a wide range of environmental stressors including heat shock, DTT, and oxidative stress. These results indicate that a misfolded membrane protein-induced stress response is quite complex and affects a number of transcriptional regulators in the cell. These data are especially intriguing given the fact that ␣ENaC, CFTR, and Kir2.1 do not accumulate in yeast but are rapidly degraded. Therefore, the transient accumulation of these aberrant substrates is sufficient to reconfigure cellular homeostasis. It will be exciting in future work to characterize the functions of the many genes that are induced in response to the presence of these misfolded membrane proteins and to define how this stress response and the ESR are controlled at the molecular level.
